We developed a four-dimensional volumetric modulated arc therapy (4D VMAT) planning technique for moving targets using a direct aperture deformation (DAD) method and investigated its feasibility for clinical use. A 3D VMAT plan was generated on a reference phase of a 4D CT dataset. The plan was composed of a set of control points including the beam angle, MLC apertures and weights. To generate the 4D VMAT plan, these control points were assigned to the closest respiratory phases using the temporal information of the gantry angle and respiratory curve. Then, a DAD algorithm was used to deform the beam apertures at each control point to the corresponding phase to compensate for the tumor motion and shape changes. Plans for a phantom and five lung cases were included in this study to evaluate the proposed technique. Dosimetric comparisons were performed between 4D and 3D VMAT plans.
1 Studies have shown that VMAT can provide high delivery efficiency without compromising plan quality compared to static beam IMRT. [2] [3] [4] [5] Verbakel et al. 6 have shown that for patients with Stage I lung cancer, the VMAT stereotactic ablative body radiotherapy (SABR) technique achieves better target dose conformity than a conventional 10-field non-coplanar IMRT plan.
However, tumor motion due to respiration during radiation therapy for cancer radiotherapy is a significant problem. The compilation of data in the American Association of Physicists in Medicine (AAPM)
Task Group Report 76 7 revealed that out of 22 lung tumor patients, 12 patients had tumor motion from 3 to 22 mm (mean 8 AE 4 mm)
in the Superior-Inferior direction. In such a situation, the delivered dose distribution could be different from the original planned dose distribution if the intra-fraction tumor and organs-at-risk motions
were not taken into account properly. 7, 8, 9 Several methods have been proposed to manage the intra-fraction tumor motion, including margin expansion, 10 gating techniques [11] [12] [13] [14] and tracking techniques. [15] [16] [17] Important considerations for SABR treatment include minimizing the volume of the normal tissues outside the tumor receiving high doses per-fraction and achieving acceptable dose inhomogeneity inside the tumor. Therefore, the common use of large treatment margins in lung cancer is in conflict with SABR's requirement of minimal treatment field sizes. 10 Gating techniques reduce the volume of healthy tissue exposed to high doses of radiation. [11] [12] [13] [14] However, gating techniques have limited beam output, therefore, gating techniques increase the treatment delivery time especially for SABR treatments. Rigid tracking techniques can be used to compensate for tumor motion but cannot deal with deformable motion effects. [15] [16] [17] Four-dimensional volumetric modulated arc therapy (4D VMAT) is a treatment strategy for lung cancers that aims to exploit relative target and tissue motion to improve target coverage and organ at risk (OAR) sparing. [18] [19] [20] With the development of sophisticated imaging techniques that provide information on tumor motion and deformation, such as 4D-CT [21] [22] [23] and 4D-CBCT, [24] [25] [26] the 4D plan optimization strategy presents a logical solution to account for the intra-fractional organ motion. An inverse planning framework for 4D
VMAT was proposed by Ma 18 to provide tempo-spatially optimized VMAT plans. The cumulative dose distribution was optimized by iteratively adjusting the aperture shape and weight of each beam through the minimization of the planning objective function. The proposed 4D VMAT planning formulism provided useful insight on how the "time" dimension could be exploited in rotational arc therapy to maximally compensate for the intra-fraction organ motion. VMAT, gating or tracking methods. However, the complex dose calculation and optimization may prolong the treatment planning time and cannot be implemented on commercial treatment planning systems.
In this work, we propose a 4D VMAT planning technique by applying a direct aperture deformation algorithm to a 3D VMAT plan. This method accounts for both the rigid and non-rigid respiration-induced target motion and is simple and feasible for clinical setup.
| METHODS
Plans for a QUASAR TM phantom with a tumor insert and for five patients who received lung SABR treatments were included in this study. Figure 1 shows the scheme of this study from 4D CT to 4D
VMAT plan verification. First, a 3D VMAT plan was optimized based on patient's anatomy on the reference (50%) phase of a 4D CT dataset using Eclipse treatment planning system. The 3D VMAT plans consisted of a sequence of control points each defining the gantry angle, dose weight, and MLC aperture, the gantry speed for each control point was also calculated as can be seen from the beam properties for each control point in Eclipse. Second, the gantry angle for each control point generated from the 3D VMAT plans could be used to link the plan time points and the tumor motion, which is illustrated in the next paragraph. Once the 4D VMAT plan and the tumor motion was synchronized, the DAD method was used to modify the MLC leaf positions at each control point of the plan to synchronize the VMAT delivery with the respiratory motion. Third, the quality of the resultant 4D VMAT plan was investigated by comparing its isodose distribution and DVHs with the 3D VMAT plan.
Fourth, plan verification was implemented by delivering the 4D
VMAT plans on a moving QUASAR TM phantom driven with patientspecific respiratory curves.
The gantry angle and gantry speed information could be used to synchronize the plan time points with the phase of breathing motion.
Since the only difference between the 3D and the 4D VMAT plans was the MLC apertures, and the dose rate for each control point was less than the maximum value, therefore, the 4D VMAT plans could be delivered with the same gantry angle and gantry speed for each control point once the MLC leaf travel speed be constrained to a value less than the physical maximum speed. (a) During the 3D
VMAT optimization, preserving the maximum speed of leaf motion to below the speed of v max had to be compromised such that the leaf velocity in the target-reference frame could be constrained to v max . The MLC leaf travel speed was set to 1.5 cm/s for 3D VMAT planning optimization in this study; other planning parameters were gantry speed 0.5 to 4.8 degrees/s, and dose rate 0 to 1400 MU/ min, and the physical maximum leaf travel speed 2.5 cm/s (b) once the 4D VMAT plan was generated based on the DAD method, the speed of a MLC leaf at position X as a function of gantry angle g, V (g) = dX/dg, could be related with gantry speed dg/dt and MLC physical leaf speed as follows 
2.A | Plan preparation
4D CT images were acquired on a GE Discovery PET/CT scanner.
Audio coaching was used to improve the reproducibility and stability of the breathing motion. For the phantom study, the QUASAR 
2.C | Dosimetric comparison of 4D VMAT plans with 3D VMAT plans
To investigate the 4D VMAT plan quality, the 4D VMAT plans were compared with their corresponding 3D VMAT plans. It consisted of the following steps (Fig. 1) . First, the 4D VMAT plan DICOM file plan using the coverage of planning target volume (PTV) and the sparing of organs-at-risk. The conformity indices (CI) were also calculated and compared. The CI was defined as:
Where TV PI is the target volume within the prescribed isodose volume PI, TV is the target volume.
2.D | 4D VMAT plan verification
3D and 4D plan verifications were performed using EDR 2 film in a QUASAR TM phantom (see Fig. 4 ). First, the phantom was positioned on the couch using a laser based patient positioning system. Then, the target was accurately localized using kilo-Voltage (kV) orthogonal setup images to ensure the accuracy of target positioning. 3D VMAT plan was delivered to the static phantom and validated using gamma analysis between the film measurement and the planar dose distribution from the TPS. The gamma index criterion was set to 3%/3 mm.
For 4D VMAT plan validation, the QUASAR TM phantom was animated using the real patient-respiration curve, the amplitude of the respiratory curve of a patient was normalized to match the tumor motion amplitude. The variation in the amplitude and frequency was not translated to change for the internal target. The Varian RPM system was used to synchronize the treatment delivery with the phantom motion. The measured dose distribution was compared with the calculated 4D dose distribution. In our work, the 50% phase of respiratory was used as the beam starting time for the treatment delivery.
We assumed that the characteristics of the motion are known (from 4D-CT data) at the treatment planning stage, the adaptive planning strategies from fraction to fraction would not be discussed.
However, in this study, the effects of the changes of breathing amplitude and the phase shift between the tumor motion and the treatment delivery to the total dose distribution were simulated using the Eclipse treatment planning system. The motion amplitude was manually changed and the breathing cycle was shifted for the treatment delivery, the resultant dose distributions were calculated and compared with the original 4D VMAT plan dose distributions (see fig. 5 ).
| RESULTS

3.A | Dosimetric comparison of 4D VMAT plan
with 3D VMAT plan F I G . 5. The effects of the breathing amplitude change and phase shift during 4D VMAT deliveries were simulated in Eclipse. The motion amplitude was manually changed by 1 mm, 2 mm, and 3 mm (a) and a 10% breathing cycle shift (b) was introduced during the 4D VMAT deliveries, the resultant dose distributions were calculated and compared with that of the original 4D VMAT plans. to 97.0% (Table 2 ) while the maximum esophagus dose reduces from 20.7 Gy to 19.6 Gy (Table 3) for the 4D plan. 
3.B | Plan verification
The results of the phantom plan verification for 3D and 4D VMAT plans are shown in Fig. 11 . The gamma pass ratio is 98.6% for the 3D VMAT plan and 95.7% for the 4D VMAT plan with the criteria of 3%/ 3 mm. , and (f) VMAT plans are shown in the left and right panels respectively. Both plans were generated on the 50% CT image for a lung case with target motion amplitude of 1.6 cm for patient #1.
F I G . 8. DVH comparison of the 4D
VMAT plans calculated with the rigid registration (lines with rectangle symbols) and the deformable registration (lines with triangle symbols). The GTV coverage and the dose to the lungs are similar for both registration methods, though the PTV coverage for the rigid registration is lower (96.5%) than that for the deformable registration (99.5%).
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The results of the patient plan verification for 3D and 4D VMAT plans are shown in Fig. 14 . The measured dose distribution has a good agreement to that of the calculation. The gamma passing ratio is 94.5% and 94.1% for 3D and 4D VMAT plans separately. The statistics of the gamma pass ratio for 3D and 4D VMAT plans is shown in Fig. 15 . The average gamma pass ratio is 96.5% for 3D
and 95.2% for 4D VMAT plans, respectively.
| DISCUSSION
The 4D VMAT has the potential to improve radiation therapy of periodically moving tumors over 3D VMAT, gating, or tracking methods. Generally, the 4D VMAT plans can be implemented either by independently optimizing each of the phases or by considering all the phases simultaneously. [22] [23] [24] [25] The inverse planning frameworks proposed by Ma [18] [19] [20] is available, the most recent information on the patient's anatomic locations can be used accounting for the tumor motion more effectively and the 4D dose delivery will be more accurate. 26 The phantom plan maintains the PTV coverage, but for patient plans, the PTV coverage for 4D VMAT plans is lower than 3D VMAT plans. The reasons for the decrease in the PTV coverage are: (a) the reproduction of the breathing motion is essential for the 4D VMAT The motion effects should be carefully evaluated and will be the focus of our future work.
| CONCLUSION S
The work presented a 4D VMAT planning technique for dynamic targets using a DAD method. The proposed method is a practical and simple approach to account for both rigid and non-rigid target motion. The plan quality of the 4D VMAT plans is comparable to the 3D optimal plans in terms of the tumor coverage and the normal tissue sparing. Because the target motion is continuous, this DAD method generates continuous MLC sequences between apertures of successive phases. The 4D VMAT plans were verified with the QUA-SAR TM phantom, and the effects of the motion amplitude and the phase shift were simulated in Eclipse. The 4D treatment delivery time is the same as the optimal 3D VMAT plan.
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